Introduction
within SPI-6. The expression of SPI-6 T6SS genes is not detected under laboratory culture 1 0 2 conditions, but it is activated in later stages of macrophage infection (Parsons and Heffron, works as an antibacterial weapon to kill the resident species of the microbiota and contribute 1 0 5
to Salmonella colonization (Sana et al., 2016) . The histone-like nucleoid structuring protein 1 0 6 (H-NS) (Brunet et al., 2015) and the ferric uptake regulator (Fur) (Wang et al., 2019) were 1 0 7 reported to repress SPI-6 T6SS genes in vitro. Although the SPI-6 T6SS was described to be 1 0 8 involved in bacterial replication inside macrophages (Mulder et al., 2012) and in 1 0 9 interbacterial competition inside the gut (Sana et al., 2016) , only one effector (Tae4) was 1 1 0 described to date as a substrate for SPI-6 T6SS. Tae4 is an antibacterial effector and works as Here, we set out to identify new SPI-6 T6SS effectors and report the characterization tetrapeptides between mDAP 3 and D-Ala 4 within the same peptide stem. This superfamily is 1 1 7 evolutionarily related to enzymes that have an L,D-transpeptidase fold and is broadly 1 1 8 distributed among α -, β -and γ -proteobacteria. We also describe a protein containing 7 ( Figure 2D ). To analyze whether intoxicated cells were not dividing or dividing but not 1 7 0 segregating into daughter cells, we incubated E. coli with the membrane dye FM 4-64 ( Figure   1 7 1 2E). Results showed that elongated cells lack membrane invaginations indicative of a 1 7 2 division septum ( Figure 2E ). To access if the assembly of the division septum was perturbed, 1 7 3
we transformed an E. coli strain in which mVenus was fused to the endogenous ftsZ gene 1 7 4 (Moore et al., 2017) with our pBRA SP-Tae5 STM plasmid ( Figure 2F ). Data show that the Z-1 7 5
ring formed by FtsZ-mVenus was not properly assembled in intoxicated cells, with FtsZ 1 7 6
labelling dispersed throughout the cell ( Figure 2F ). grown in the presence of D-glucose during the same timeframe (Figure 2A , Movie S1). YkuD (PF03734) and YkuD_2 (PF13645), resulted in a total of 153327 sequences. To reduce 1 9 0 data complexity, we clustered amino acid sequences requiring 80% coverage for all pairwise 1 9 1 alignments generated by MMseqs (Steinegger and Soding, 2017) , and a maximum e-value of 1 9 2 10 -3 , resulting in 4113 groups. A single amino acid sequence was chosen as representative 1 9 3 from each group with at least 9 members, resulting in 943 sequences representing a sample of 1 9 4 145969 homologs. These representative sequences were used to build a phylogenetic tree 1 9 5 using the maximum likelihood method ( Figure 3A ). Homologs of Tae5 STM clustered into 5 2 3 0 3D). Also, we could not detect any product indicating that Tae5 STM cleaves the D-Ala 4 -2 3 1 mDAP 3 crosslink bridge between peptide stems ( Figure 3D ). Moreover, co-incubation of 2 3 2 GM-tetrapeptides (GM-AEmDAPA) with an excess of D-methionine (1 mM) and AEmDAPM), showing that Tae5 STM is able to exchange the last amino acid of GM- The composition of peptidoglycan extracted from E. coli cells growing at exponential 2 3 8 phase is enriched in monomeric GM-tetrapeptide and dimeric GM-tetrapeptide-GM- HPLC-MS ( Figure 3E ). The muropeptide profile of E. coli cells expressing SP-Tae5 STM was 2 4 9 reduced in GM-tetrapeptide (GM-AEmDAPA) (21%) compared to cells with empty plasmid 2 5 0 (33%) or SP-Tae5 STM C131A (33%) ( Figure 3E ). Likewise, the proportion of GM-tripeptides 2 5 1 (GM-AEmDAP) was enriched in cells expressing SP-Tae5 STM (25%) compared to empty and 2 5 2 SP-Tae5 STM C131A (13%) ( Figure 3E ). Moreover, the proportion of most crosslinked forms 2 5 3
were reduced in E. coli cells expressing SP-Tae5 STM compared to cells carrying the empty 2 5 4 plasmid or expressing SP-Tae5 STM C131A ( Figure 3E ). ( Figure 3A ) showed that proteins segregate into three families ( Figure 4A ). Given that 2 5 9
Tae5 STM displays amidase activity (L,D-carboxypeptidase), we propose to rename its family family contains the Tae5 STM effector and is composed mainly of Salmonella enterica subsp. Rhizobiaceae and Sphingomonadaceae ( Figure 4B and were detected in Tae5 family ( Figure 4B and Table S1A ). In addition, Tae5 family also Examples of S. enterica subsp. arizonae (SPI-20 and SPI-21 T6SSs) and subsp. diarizonae (SPI-6 T6SS) were detected in Tae6 family ( Figure 4B and Table S1B ). Tae7 family is the ( Figure 4B and Table S1C ). Examples of S. enterica subsp. diarizonae (SPI-20 and SPI-21
T6SSs) and subsp. houtenae (SPI-19 T6SS) were detected in Tae7 family. Examining the genomic context of Tae5-7 family members, we observed that several 2 8 6
proteins are encoded within T6SS loci or associated with orphan Hcp proteins ( Figure 4C and 2 8 7 Table S2 ), suggesting that these effectors are mainly secreted as cargo associated with Hcp 2 8 8
proteins. Figure 4D shows the number of bacterial genomes that have one or more proteins 2 8 9
belonging to each of the three families (Tae5-7) (Table S1D ). From the total of 1028 2 9 0 genomes containing a Tae5 member, 615 (59.8%) are encoded in the vicinity of a T6SS 2 9 1 structural gene ( Figure 4C ). The same high frequency is observed for Tae6 and Tae7 families 2 9 2 with 76.6% (623 out of 813) and 42.6% (1495 out of 3510) of the genomes containing a 2 9 3 member in the vicinity of T6SS structural genes, respectively. Interestingly, genomic analysis revealed that some organisms encode more than one 2 9 5 member of the DUF2778 superfamily ( Figures 4C and 4D ). S. enterica serovar Fresno (S. Fresno) encodes two members within its SPI-6 T6SS, Tae5 SF (WP_000968384.1) and Tae6 SF 2 9 7 (WP_058115706.1). Tae5 SF is closely related to S. Typhimurium Tae5 STM (STM14_0336), inhibition assays showed that Tai6 STM immunity protein (STM14_0332) was not able to 3 0 5 neutralize the toxicity of Tae5 STM (STM14_0336), thus confirming the specificity of each 3 0 6 immunity protein to its toxic effector ( Figure S3 ) and suggesting that Tai6 STM and Rap1a may 3 0 7
have a role in immunity against effectors secreted by other bacteria.
3 0 8
The domain architecture of most DUF2778-containing proteins is usually quite (gspD-N), T4SS (virb1-10), T5SS (PF03797, PF03895, translocator) ( 2016), suggesting that these DUF2778-containing proteins might have been recruited to be 3 1 8
part of polymorphic toxin cassettes that are known to be associated with various protein The peptidoglycan forms a closed, bag-shaped structure surrounding the cytoplasmic 3 2 6 membrane and gives bacteria form and resistance to osmotic pressure. It is made of glycan 3 2 7 strands crosslinked by short peptides, whose composition is highly diverse among different 3 2 8 bacterial species (Vollmer et al., 2008) . Such variability in peptidoglycan structure might be 3 2 9
the reason why T6SS-containing bacteria use such a diverse array of effectors with amidase 3 3 0 activity to target competitors. In this study, we identified and characterized a new of different peptide stems (Russell et al., 2012) . In addition, the evolutionary origin of these 3 3 9
two groups of amidase effectors is different: while Tae1-4 catalytic domains are related to mechanism was proposed to occur in a two-step enzymatic reaction requiring a catalytic Tae5 STM does not allow us to determine its precise catalytic mechanism at this point; however, we speculate that structural features that restrict access to its active site might Tae5 STM C131A (6%) ( Figure 3E ). Such increase could be driven by the exchange activity of AEmDAPA. Together, the enzymatic assays support our hypothesis that the active site of Tae5 STM is not accessible to larger substrates such as GM-tetrapeptides and the enzyme preferentially uses small molecules such as water and free amino acids as acceptor substrates. The toxic phenotype induced by periplasmic expression of Tae5 STM seems to be the FtsA that treadmill circumferentially around the division ring and drive the motion of transpeptidases, fits with the idea that septum closure rate is limited by peptidoglycan with their putative immunity protein ( Figure 4C ). Divergence among immunity proteins was 3 8 6
considerably higher than that found within the effector families. The immunity protein for 3 8 7
Tae5 family has a DUF2195 domain (Tai5), while Tai6 and Tai7 immunity proteins are sequence divergence in immunity proteins has been reported previously and is likely due to 3 9 4 less restrictive selective pressure compared to effectors; while immunity proteins are selected 3 9 5
for effector binding, effectors are selected for both immunity protein binding and catalysis which impeded automated bioinformatic analysis, we did not attempt further assessment of 3 9 8 their phylogeny. T6SSs translocate effectors by decorating the Hcp-VgrG-PAAR puncturing device. ( Figure 4C ). All bacterial strains used in this study are listed in Table S3 . Strains were grown at 4 2 7 37°C in Lysogeny Broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast extract) under agitation.
2 8
Cultures were supplemented with antibiotics in the following concentration when necessary: All plasmids and primers are listed in Table S3 . STM14_0336 was amplified by PCR pEXT22 under the control of P TAC promoter (Dykxhoorn et al., 1996) . For protein expression 4 3 9
and purification, STM14_0336 residues between 2-174 were cloned into pET28a (Novagen), Tai5 STM ) were serially diluted in LB (1:4) and 5 µL were spotted onto LB-agar (1.5%) 37°C. Images were acquired after 24h. For time-lapse microscopy, LB-agar pads were prepared by cutting a rectangular 4 7 5
piece out of a double-sided adhesive tape which was taped onto a microscopy slide as Membrane dye FM4-64 (Molecular Probes) were mixed to cells at 1:1 and 4 µL were spotted AxioVert.A1 microscope fitted with an AxioCam ICm1 camera. imidazole. Purified proteins were concentrated in Amicon Filter Units (Millipore) before (GE Healthcare). digestion with mutanolysin (Sigma #M9901), followed by reduction with sodium Biotechnology Information (NCBI). Similarity-based clustering of proteins was carried out 5 3 7
using MMseqs software (Steinegger and Soding, 2017) . Sequences alignments were produced The authors declare no competing interests. 
